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1.0 INTRODUCTION 

With advances in s i n g l e  s t a g e  processes  such a s  H-Coal, EDS and SRC, and 
r e f in ing  and upgrading of coa l  l i q u i d s  by Chevron and UOP, t he  d i r e c t  l ique-  
f a c t i o n  process has cont inuously evolved t o  the  present  two-stage c a t a l y t i c  
configurat ion,  which produces t h e  highest  l i q u i d  y i e l d  and product q u a l i t y  of 
any process worldwide. 

The Two Stage Liquefact ion (TSL) process has been success fu l ly  app l i ed  t o  
bituminous and subbituminous c o a l s ,  overcoming problems a s soc ia t ed  wi th  
e a r l i e r  processes.  But, p o t e n t i a l  f o r  a d d i t i o n a l  improvement is recognized i n  
seve ra l  a r eas :  

o Cleaning coa l  p r i o r  t o  l i que fac t ion .  

o Low temperature and pressure precondi t ioning of feed coal .  

o Novel c a t a l y s t s  development t o  a r r e s t  r e g r e s s i v e  r eac t ions  and improve 
hydrotreatment and cracking react ions.  

o Improvement in hydrocarbon value recovery and reduced energy r e j e c t i o n  
by a l t e r n a t e  bottoms processing techniques.  

I n  t h i s  paper ,  a f t e r  d i scuss ing  b r i e f l y  the h i s t o r y  of l i q u e f a c t i o n  and devel- 
opment of t h e  TSL process ,  present  p o t e n t i a l  a r eas  f o r  research and develop- 
ment a r e  presented.  

2 .O BACKGROUND 

During the 1970's,  fou r  s i n g l e  s t a g e  processes  (SRC-I, SRC-11, H-Coal and EDS) 
received s u b s t a n t i a l  i n t e r e s t .  
involved thermal l i q u e f a c t i o n  and hydrogenation r eac t ions .  Others u t i l i z e d  
c a t a l y t i c  r eac t ions  a s  well .  The l i q u i d s  from these  processes needed substan- 
t i a l  upgrading t o  ob ta in  marketable products (1 ) .  The common f e a t u r e s  and 
drawbacks of t hese  processes  are:  

Two of t hese ,  SRC-I and SRC-11, p r imar i ly  

o 90% or b e t t e r  coa l  conversion is obtained b u t ,  r eac t ion  s e v e r i t y  is 
high (820-86O0F temperature ,  1500-3000 p s i  pressure and 20-60 minutes 
res idence t i m e ) .  

o D i s t i l l a t e  y i e l d s  a r e  about 50% of MAF c o a l ,  which a r e  low r e l a t i v e  t o  
recent  developments. 
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o Hydrogen u t i l i z a t i o n  is good b u t ,  e f f i c i e n c y  is low due t o  high y i e l d s  
of hydrocarbon gases.  

Attempts t o  improve t h e  d i s t i l l a t e  y i e lds  and reduce r eac t ion  s e v e r i t y  resu l -  
t ed  in t h e  development of two s t a g e  l i que fac t ion  (TSL) processes.  

3.0 INTEGRATED TWO STAGE LIQUEFACTION (ITSL) 

A. Ear ly  S tud ie s  

I n  l a t e  1970's s e v e r a l  thermal coa l  d i s s o l u t i o n  inves t iga t ions  con- 
culded t h a t  c o a l  conversion is e s s e n t i a l l y  complete in an extremely 
shor t  r e s idence  t i m e  of 1-2 minutes. The i n v e s t i g a t i o n s  a l s o  observed 
tha t  h igher  hydrotreatment temperature and res idence  times r e su l t ed  in 
increased  y i e l d  of hydrocarbon gases. About the  same t i m e ,  a t  Wilson- 
v i l l e  (Runs 145-146). increased  importance of l i q u i d  phase hydrogen 
t r a n s f e r  in l i q u e f a c t i o n  was observed. Combining these  observa t ions  
Lummus developed the  ITSL process. 

B. Lummus ITSL 

The Lummus ITSL process .  t e s t e d  i n  a 500 l b s  per day PDU, cons i s t s  of 
a s h o r t  con tac t  t i m e  (SCT) coa l  d i s s o l u t i o n  f i r s t  s t age  followed by a 
LC-Fining c a t a l y t i c  hydro t r ea t e r  as a second s tage .  Based on petro- 
leum background, Lummus introduced Ant i so lvent  Deashing (ASDA) equip- 
ment between t h e  two s t ages .  

The SCT r e a c t o r  operated a t  s h o r t e r  res idence  times (2-3 min.) and low 
p res su res  (500-1000 p s i ) ,  w h i l e  maintaining coal conversions above 90% 
MAP. The hydrocarbon gas y i e l d s  were low and hydrogen u t i l i z a t i o n  
e f f i c i e n c y  w a s  high. D i s t i l l a t e  y i e lds  were s i g n i f i c a n t l y  b e t t e r  than 
the s i n g l e  s t a g e  processes.  The SCT r e s i d  was r eac t ive  not only f o r  
conversion to  d i s t i l l a t e  but a l s o  f o r  heteroatom removal. The ITSL 
process a l s o  showed t h a t  t he  ashy recyc le  is not de t r imenta l  t o  ca ta -  
l y s t  a c t i v i t y  and t h a t  a l i g h t e r  and more d e s i r a b l e  product (-65OOF) 
can be made wi th  l i t t l e  l o s s  i n  hydrogen e f f i c i ency .  

C. Wi lsonvi l le  ITSL 

Scale-up of t h e  ITSL process t o  6 tonsfday (24 t imes) was performed a t  
Wi lsonvi l le .  A R - O i l  ebu l l a t ed  bed hydro t r ea t e r  ( i n  place of the  
LC-Fining u n i t )  and a Kerr-McGee C r i t i c a l  Solvent Deashing (CSD) u n i t  
fo r  ash  removal ( i n  place of ASDA) were u t i l i z e d .  I n s p i t e  of the 
r e t r o g r e s s i v e  r e a c t i o n s  in the  CSD tha t  lowered the  coa l  conversion 
from 9 2  t o  88% and t h e  high organic r e j e c t i o n  with the  ash concent ra te  
stream, a d i s t i l l a t e  y i e ld  of about 54% was obtained. 

Wi lsonvi l le  increased  the d i s t i l l a t e  y i e ld  t o  62% by placing the de- 
asher a f t e r  t h e  second s tage  ( a f t e r  vacuum d i s t i l l a t i o n )  which had no 
de t r imen ta l  e f f e c t  on the c a t a l y t i c  a c t i v i t y  in t he  second s tage  
reac tor .  With t h i s  reconfigured ITSL (RITSL) opera t ion ,  r e t rog res s ive  
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r eac t ions  were l imi t ed  and good o p e r a b i l i t y  with on-atream t ime of 
more than 95% was demonstrated. This  RITSL opera t ion  showed t h a t  

. deashing p r io r  t o  second-stage hydrotreatment was not necessary.  

To f u r t h e r  reduce r e t r o g r e s s i v e  r eac t ions  by minimizing hold ing  t ime 
between t h e  r eac to r s  ( f i r s t  and second s t age )  and t o  e l i m i n a t e  pres -  
sure  l e t  down and r ep res su r ing ,  the  two r eac to r s  were opera ted  i n  a 
c lose  coupled ITSL (CCITSL) mode. I n  t h i s  opera t ion ,  a l l  t h e  f i r s t  
s t age  gases (CO, H2S, H 2 0  e tc . )  and l i g h t  o i l  were removed p r i o r  t o  
second s tage .  There was no s i g n i f i c a n t  impact on c a t a l y s t  a c t i v i t y  
and t h e r e  was no d i sce rnab le  loss i n  performance r e l a t i v e  t o  ITSL 
( y i e l d s ,  allowable space v e l o c i t i e s ,  e tc . ) .  However, more r igo rous  
ana lys i s  a t  a c o n s i s t e n t  s e t  of condi t ions  i s  necessary t o  v e r i f y  the  
improvement of CCITSL over RITSL. 

4 .O CATALYTIC TWO-STAGE LIQUEFACTION (CTSL) 

A. R R I  CTSL (1984 - Present )  

I n  CTSL, the  f i r s t  s t a g e  temperature was lowered t o  75OoF t o  more 
c lose ly  balance hydrogenation and cracking r a t e s ,  and t o  a l low t h e  
recyc le  so lvent  t o  be hydrogenated i n  s i t u  t o  f a c i l i t a t e  hydrogen 
t r a n s f e r  during coa l  d i s s o l u t i o n .  The second s t a g e  was operated a t  
higher temperature (820-83OOF) t o  promote r e s i d  hydrocracking and 
genera t ion  of an  a romat ic  so lven t ,  which is then hydrogenated i n  t h e  
first s t age  ( s e e  Figure 1 ) .  The lower f i r s t  s t age  temperature pro- 
vides b e t t e r  o v e r a l l  management of hydrogen consumption, wi th  hydro- 
carbon gas y i e lds  reduced by about 50 percent.  Higher d i s t i l l a t e  
y i e l d s  were a t t a ined  by the  reduct ion  of r e s id  i n  the r e j e c t e d  ash- 
concentrated stream and the  subsequent conversion of t h a t  recovered 
r e s id  t o  d i s t i l l a t e s .  

A pressure  f i l t e r  reduces r e s i d  concent ra t ion  i n  the  r e j e c t  stream 
( f i l t e r  cake) below 45-50 percent .  This change s igna l l ed  t h e  end of 
the "hydrogen balanced" process and showed t h a t  ove ra l l  l i q u e f a c t i o n  
economics improve i f  t he  process maximizes, d i s t i l l a t e  y i e ld  and 
produces hydrogen by n a t u r a l  gas  reforming or by coal g a s i f i c a t i o n .  

A t h i r d  change by HRI was i n  the  use of NiMo ca ta lys t .  The H-Coal 
process had used a cobalt-molybdenum (CoMo)-on-alumina c a t a l y s t  
(American Cyanamid 14428). which is used i n  petroleum app l i ca t ions .  
In  coa l  l i que fac t ion ,  hydrogenation of so lvent  must occur first,  
before the  aromatic molecules can thermally crack. The c a t a l y s t  must 
hydrogenate l a rge  molecules which determine the  r a t e  a t  which r e s i d  is 
converted. The (NiMo) c a t a l y s t  has a bimodal pore d i s t r i b u t i o n  w i t h  
l a r g e r  micropores, 115-125°A, which allows e a s i e r  d i f f u s i o n ,  a s  op- 
posed t o  60-70°A for H-Coal c a t a l y s t ,  and t h e  n i cke l  promoter is a l s o  
more a c t i v e  for hydrogenation than  cobal t .  
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The latest reported results with Illinois No. 6 coal show a 78 percent 
distillate yield (Table 1). Hydrogen efficiency is over 10 pounds of 
distillate per pound of hydrogen reacted. In addition, the two cata- 
lytic reaction stages produce a liquid with low heteroatom concentra- 
tions and a high H/C ratio. 

B. Wilsonville CTSL (1986-Present) 

The most significant differences at Wilsonville are the reactor tem- 
peratures. 
the first reactor and solvent hydrogenation is in the second reactor. 
Therefore, the first reactor is at the higher temperature (800-820°F), 
while the second reactor is kept slightly lower at 795OP. Other reac- 
tion conditions are similar to HRI CTSL, including the catalyst type. 
The distillate yields are about the same, i.e. 78% MAP Coal. Wilson- 
ville deashes by CSD, and steady improvement has reduced organic re- 
jection to 8-15 percent, about the same as achieved by HRI. 

As in ITSL, most of the thermal cracking takes place in 

C. Evolution of Liquefaction Technolo= 

Substantial improvements in liquefaction processes and catalysts 
associated with these processes have taken place. The yields and 
quality of liquids have improved substantially. History of process 
development improvements are shown in Table 1. Yields of distillates 
have increased from 41% to 78% (5 barrelslton of MAF bituminous coal). 
Quality is comparable to or better than No. 2 Fuel Oil with good 
hydrogen content and very low heteroatom content. 

5.0 FUTURE RESEARCH AND DEVELOPMENT 

The overall goal of coal liquefaction RLD is to develop technology to produce 
marketable liquide economically ($25/Bbl by 1995). 
and engineering knovledge based on: 

This requires scientific 

o Improved processes to provide product selectivity and quality, 
increased liquid yields per ton of coal and improved thermal 
efficiency--involves current as well as novel catalysts and processes. 

o Improved plant operability and onstream factors by process and compo- 
nent development. 

o Reduction of Capital and Operating costs by optimization and integra- 
tion of RCD improvement. 

Brief descriptions of significant areas follow: 

A. Preconversion and Regressive Reactions 

The preceding discussion placed emphasis on process improvements, 
principally on the coal dissolution and resid upgrading reactions. 
This requires a better understanding of coal conversion chemistry. 
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The term "first r eac to r "  is a misnomer, because the re  i s  s t r o n g  
evidence t h a t  t h e  c o a l  has undergone cons ide rab le  r e a c t i o n  be fo re  
en te r ing  t h a t  v e s s e l  (2) .  oCoals have been found t o  undergo changes a t  
temperatures a s  low as 200 C. Suuberg ( 3 )  has measured t h e  evo lu t ion  
of carbon dioxide from low rank coa l s  a t  low temperatures and Solomon 
(4 )  has r e l a t e d  t h i s  gas  evo lu t ion  t o  cross- l inking,  which reduces 
coal  r e a c t i v i t y  t h e r e a f t e r .  The onset  of swe l l ing  has  been measured 
a t  2OO0C, with completion st about 5OO0C (4), again an i n d i c a t i o n  of 
cross-l inking. Derbyshire has  shown t h a t  soaking coa l  st temperatures  
below 4OO0C i n c r e a s e s  y i e ld  of toluene so lub le s ,  presumably a s  t h e  
r e s u l t  of increased hydrogen t r a n s f e r  from t h e  solvent  (5) .  Recent ly ,  
with l iquid-phase t r a n s f e r ,  85 percent conversion of sub-bituminous 
coal  and 91 pe rcen t  conversion of bituminous coa l  ( t o  quinol ine-  
so lub le s )  i n  about 30 seconds a t  425OC (6 )  was reported.  
f i nd ings  show t h a t  c o a l  has a l r eady  reacted i n  t h e  p rehea te r ,  and i n  
a l l  l i ke l ihood ,  t h e  c o a l  (or coal  l i q u i d ) ,  i n  t h e  r e a c t o r  may be less 
reac t ive  and must hsve necess i t a t ed  high s e v e r i t y  r e a c t i o n  cond i t ions  
t o  undo the  damage t h a t  took place during heat-up. 

More information on t h e  mechanism pf these preconversion r e a c t i o n s  and 
t h e i r  impact on process  y i e l d s  and product q u a l i t y  a r e  required.  The 
e f f e c t s  of time, temperature ,  solvent  q u a l i t y ,  and c a t a l  s t -d i spe r sed  
or soluble-on t h e  k i n e t i c s  of coal  d i s s o l u t i o n  below 400 C and on the  
s t r u c t u r e  of t h e  l i q u i d  product must be quan t i f i ed .  Process develo- 
pers  w i l l  u t i l i z e  t h i s  information t o  modify preheat cond i t ions  t o  
supply a more r e a c t i v e  feed t o  the f i r s t  r eac to r .  The a n t i c i p a t e d  
b e n e f i t s  a r e  inc reased  coa l  conversion, increased r e a c t i v i t y  of coa l  
l i q u i d s ,  smaller  r e a c t o r s ,  moderating r eac t ion  condi t ions and b e t t e r  
hydrogen e f f i c i ency .  A more r eac t ive  feed should a l s o  improve cata-  
l y s t  a c t i v i t y  i n  both s tages .  

These 

x 

B. Hydrotreatment and Cracking Reations 

Process development has  emphasized r e s i d  conversion and l i q u i d  y i e l d ,  
but  how is conversion achieved? Unlike petroleum r e s i d ,  which cracks 
thermally t o  sma l l e r  molecules,  which a r e  then hydrogenated, c o a l  
r e s i d  m u s t  f i r s t  be hydrogenated before  cracking can occur.  Bydro- 
genation is c a t a l y t i c .  while the cracking r eac t ions  may be e i t h e r  
thermal or c a t a l y t i c .  L i t t l e  is known about t h e  k i n e t i c s  of t h e s e  
r eac t ions ,  and t h i s  work has the  p o t e n t i a l  t o  improve on c u r r e n t  TSL 
performance. 

Catalyst  a c t i v i t y  f o r  conversion f a l l s  t o  about 20 percent  of its 
i n i t i a l  value in a few days. Sandia has  r e l a t e d  most of t h e  c a t a l y s t  
deac t iva t ion  t o  carbon laydown on t h e  c a t a l y s t  and t h e  i n h i b i t i n g  
e f f e c t s  of c e r t a i n  n i t rogen  compounds i n  t h e  coa l  l i q u i d s  ( 7 ) .  Others  
point  t o  phenols a s  a source of deac t iva t ion  (8) .  The mechanism of 
deac t iva t ion  is not  understood. With add i t iona l  information, improved 
c a t a l y s t s  and r egene ra t ion  may be possible .  
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A b e t t e r  understanding of t h e  k i n e t i c s  of t hese  r eac t ions  could 
g r e a t l y  improve process  economics or even cause a major modif icat ion 
of t h e  process .  Lummus Crest, Inc.  (LCI)  found t h a t  r e s i d  hydrogena- 
t i o n  is r ap id  a t  45OoC (9) therefore ,  most of t he  second s t a g e  r eac to r  
volume is r equ i r ed  f o r  conversion, which might be by thermal cracking. 

Inc reas ing  t h e  cracking f u n c t i o n a l i t y  of t he  c a t a l y s t  could s i g n i f i -  
can t ly  reduce r e a c t o r  volume. 

I n  a d d i t i o n  t o  i n v e s t i g a t i n g  the k i n e t i c s  of r e s i d  hydrogenation/ 
cracking,  a d d i t i o n a l  information is needed on k i n e t i c s  of hydrogena- 
t i ng  heavy d i s t i l l a t e  (65Oop+), and hydrogen t r a n s f e r  r a t e s  from so l -  
vent t o  coa l  and from d i s t i l l a t e  t o  r e s id .  This l a t t e r  point  is of 
g rea t  importance i n  t h e  preheater  r eac t ions  j u s t  discussed.  The bene- 
f i ts  of soaking a t  low temperature may be r e l a t e d  t o  r e l a t i v e  r a t e s  of 
thermal cracking and hydrogen t r a n s f e r  st 200-40O0~. Therefore ,  t h i s  
temperature range must be included i n  the  k i n e t i c  study of hydrogena- 
t i on  and cracking.  

C. I n t e g r a t i o n  of Coal Bene f i c i s t i on  and Cleaning 

The q u a l i t y  and q u a n t i t y  of r e s id  (or organic)  r e j ec t ed  is a func t ion  
of a sh  composition i n  t h e  coal.  Removal of ash by coa l  b e n e f i c i a t i o n  
has been a f a i r l y  s tandard p rac t i ce  and i n t e r e s t  i n  deep cleaning t o  
remove p y r i t i c  s u l f u r  has increased s u b s t a n t i a l l y  i n  t he  last decade. 
This has r e s u l t e d  i n  s i g n i f i c a n t  advances, such a s :  

o Heavy media cyclone cleaning 

o O i l  agglomeration 

o Microbubble f l o t a t i o n  

o Molten c a u s t i c  c leaning 

I n t u i t i v e l y ,  reduced ash content reduces organic  r e j e c t i o n  and f a c i l i -  
t a t e s  l i q u e f a c t i o n  and hydrotreat ing by reduced co r ros ion  and erosion. 
However, reduced p y r i t e s  and su l fu r  may decrease t h e  c a t a l y t i c  a c t i -  
v i ty .  A s  a r e s u l t ,  b e n e f i t s  of bene f i c i a t ion  and cleaning were un- 
c e r t a i n  and l i q u e f a c t i o n  u n i t s  operated with s tandard coal  beneficia-  
t i o n  used f o r  power p l a n t s  (10% ash).  

Recent c o a l  agglomeration work by Consol, Alberta  Research Council and 
PETC, and l i q u e f a c t i o n  da ta  from PETC, H R I  and Wilsonvi l le  ope ra t ions  
have shown t h e  advantages of deep coa l  c leaning (about 5% ash) .  
quid y i e l d s  increased by 5% and energy r e j e c t i o n  was reduced. Corres- 
ponding economic b e n e f i t s  were noted by Mitre. 

There a r e  many unanswered questions:  

o What a r e  t h e  l i q u e f a c t i o n  c h a r a c t e r i s t i c s  of cleaned c o a l ?  

o 

Li- 

Can s e l e c t i v e  coa l  c leaning improve the  process s u b s t a n t i a l l y .  

150 



o Should the coal be cleaned to an ash content of 1%. 2% ash or 5%? 
What limits this ash content - coal cleaning process or lique- 
faction process? 

o How do we integrate? With bottoms? With heavy distillates? 

o What are the implications of integration on liquefaction reactions, 
hydrotreating reactions and coal cleaning? 

o Which coal cleaning process is more attractive economically and 
under what conditions? 

Future RLD should provide answers to some of the above. 

D. Alternate Liquid/Solid Separation System 

The Wilsonville PDU employs the CSD developed for the SRC-1 process 
and HRI uses pressure filtration because the feed is lighter and less 
viscous than deaaher feeds of just a few years ago. Both CSD and 
filtration achieve high recovery of resid, but are expensive to 
install and operate. As a result, comparative economics of alternate 
systems and alternate processes are required to achieve even better 
results at lower cost. 

Recently, a fluid coking study (10) showed that over 60 percent of the 
toluene solubles in the deasher feed is recoverable as coker 
distillate. This i s  also expensive, but Mitre has estimated that it 
has economic advantages over CSD (11). Additionally, the coker dis- 
tillate is highly aromatic and analyses by Consol have shown that, 
after hydrogenation, it is capable of effecting higher coal conversion 
than recycle solvents currently being used (12). Therefore, coking is 
being investigated, not only as a viable alternative approach to 
liquid/solid separation, but as a possible source of improved coal 
reactivity. 

Should deep cleaning of coal become an integral step of direct lique- 
faction, the solids rejected will be only about 9 percent of PUP coal, 
and solids removal by vacuum distillation may become attractive. To- 
tal organics rejected in the vacuum tower bottoms would be only about 
1 1  percent (less than 15 percent by CSD). Most of the bottoms will be 
recycled to the solvent tank and a small purge stream will remove ash, 
possibly by coal beneficiation. This alternate liquid/solid separa- 
t'ion scheme is dependent on improvements elsewhere in the process and 
corresponding follow-up RLD. process integration and economic evalu- 
ation are required. 

E. Systems Integration Schemes 

Research to improve direct liquefaction technology must take into 
account the integrated nature of the process. A change made in any 
component in the process will impact others. Therefore, the entire 
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system, i t s  t echn ica l  v i a b i l i t y  and o v e r a l l  economics, must be 
considered as process  improvements occur.  For example, the  a l t e rna -  
t i v e  l i qu id / so l id  s e p a r a t i o n  d iscussed  e a r l i e r  (Figure 2 )  uses a 
vacuum tower a s  t he  means of l i q u i d / s o l i d  sepa ra t ion  and may r e s u l t  i n  
many process changes: 

o The composition of t he  r ecyc le  so lvent  w i l l  be changed ( r a t i o  of 
s o l v e n t / r e s i d / s o l i d s ) ;  

o The vacuum tower bottom may be fed  t o  coa l  bene f i c i a t ion  t o  recover 
more organics ;  

o The vacuum tower overhead may be the  agglomerating o i l  f o r  benefi- 
c i a t ion ;  

o The vacuum tower bottoms may be fed t o  a coker to  recover coker 
d i s t i l l a t e ,  and t h e  coker d i s t i l l a t e  may be hydrogenated i n  the  
second s t age .  

The hydrogenated coker d i s t i l l a t e  may leave  as product or  may be 
recycled a s  so lven t .  Its e f f e c t  on so lvent  qua l i t y  is, a s  y e t ,  
unknown. 

o 

Simi la r ly ,  t h e  i n v e s t i g a t i o n  of preconversion reac t ions  may well  
r e s u l t  i n  changes t h a t  may e f f e c t  the  e n t i r e  process and a s i m i l a r  
systems approach w i l l  be necessary.  Even changes i n  c a t a l y s t  or 
r eac t ion  condi t ions  must be viewed i n  terms of its impact on ove ra l l  
o p e r a b i l i t y  and economics of t h e  process.  Coordinated R6D with 
systems i n t e g r a t i o n  schemes a r e  required.  

F. I n t e g r a t i o n  and Opt imiza t ion  

The d i r ec t  l i q u e f a c t i o n  s e c t i o n  is p a r t  of a l a rge r  p lan t .  Some of 
t h e  other a r e a s  t h a t  must be considered include: 

o Hydrogen product ion  and p u r i f i c a t i o n  

o Coal prepara t ion  and handling 

o Waste processing and d i sposa l  

o Refining and upgrading of coa l  l i q u i d s  t o  marketable products 

The f i r s t  t h r e e  a r e a s  c o n s t i t u t e  a l a rge  f r a c t i o n  of the  cos t  of a 
l i que fac t ion  p l an t  and RhD t o  improve these  opera t ions  could g r e a t l y  
improve the  o v e r a l l  economics of l i que fac t ion .  

Hydrogen production is always a p o t e n t i a l l y  f r u i t f u l  top ic  f o r  re- 
search  because of t h e  c o s t  of the hydrogen p lan t .  
made by g a s i f i c a t i o n  of CSD or vacuum tower bottoms, or by g a s i f i -  
ca t ion  of c o a l ,  or by reforming of na tu ra l  gas? Whichever is se l ec t ed  
w i l l  e f f e c t  t h e  e n t i r e  p lan t .  The e f f e c t  of carbon monoxide on ca ta -  

Should hydrogen be 
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l y s t  a c t i v i t y  is s t i l l  not c l e a r .  Research is needed i n  t h a t  a r ea .  
I f  CO has no i n h i b i t i n g  e f f e c t  on c a t a l y s t  a c t i v i t y ,  t h e  hydrogen 
p l an t  can be s impl i f i ed .  Conversely, t h e  economic incen t ive  of a less 
expensive hydrogen p l a n t  may be the  impetus t o  develop such a CO- 
r e s i s t a n t  hydro t r ea t ing  c a t a l y s t .  What a r e  t h e  requirements f o r  
recycle  gas  p u r i f i c a t i o n ?  How can they be in t eg ra t ed  and optimized? 

S imi l a r ly ,  i t  i a  t o  be expected t h a t  t he  use of coa l s  d i f f e r e n t  than 
those t e s t e d  t o  da t e  may r equ i r e  process  modif icat ions t o  achieve 
optimum y ie lds .  These coa l s  may r e q u i r e  d i f f e r e n t  l i q u e f a c t i o n  pro- 
cessing o r  coa l  preparat ion.  Weathering and oxidat ion e f f e c t s  on 
r e a c t i v i t y  may have t o  be inves t iga t ed .  

The r e f i n i n g  of coal  l i q u i d s  has received r e l a t i v e l y  l i t t l e  a t t e n t i o n ,  
even though t h i s  is t h e  s t e p  t h a t  makes t h e  marketable products  t h a t  
a r e  t h e  u l t i m a t e  goal of t he  plant .  Chevron (1)  has a l r eady  shown 
t h a t  a heavy d i a t i l l a b l e  coa l  l i q u i d  is d i f f i c u l t  to  r e f i n e .  This  
f ind ing  d i r e c t e d  e f f o r t s  t o  t h e  production of a l i g h t e r  (-650'F) coa l  
l i q u i d ,  which has  been achieved successful ly .  However, f u r t h e r  i n t e -  
g r a t i o n  wi th  t h e  u t i l i t i e s  and r e f i n e r s  may lead t o  o the r  process  
modif icat ions i n  order  t o  make coa l  l i q u i d s  more valuable ,  e i t h e r  a s  a 
r e f ine ry  feed o r  a s  marketable products. 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

The cu r ren t  CTSL process  is t h e  best  d i r e c t  l i q u e f a c t i o n  process i n  t h e  world. 
It produces t h e  h ighes t  y i e ld  of l i q u i d  product,  having t h e  h ighes t  quali ty--  
and i t  does t h i s  a t  a lower c o s t  per b a r r e l  than previous processes.  S i g n i f i -  
can t  improvements, however, a r e  a t t a i n a b l e  and a r e  needed t o  be competi t ive 
with crude o i l  p r i c e s  ($25/bbl).  These w i l l  come from research on t h e  funda- 
mentals  of coa l  l i q u e f a c t i o n  and on process modif icat ions.  A l l  r e sea rch  must 
be performed with an understanding of t he  e f f e c t  i t  w i l l  have on t h e  e n t i r e  
process.  The most promising a r e a s  f o r  f u t u r e  research a r e  i n  preconversion 
chemistry and r e t rog rade  r e a c t i o n s ,  hydrogenation and cracking r e a c t i o n s ,  coal  
preparat ion.  and s o l i d s  r e j ec t ion .  Many of t hese  programs a r e  a l r eady  i n  pro- 
g re s s .  The r e s u l t s  a r e  expected t o  provide a b e t t e r  understanding of l ique- 
f a c t i o n  and f o s t e r  a new generat ion of more economic and e f f i c i e n t  d i r e c t  
l i q u e f a c t i o n  technology. 
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?able 1 .  CTSL DEMONSTRATION RUN COMPARISON UITH H-COAL 
I ILLINOIS NO. 6 COAL1 

Process 

SRC I 1  
119821 

H-Coal  
(19821 

U~lsonville 
119851. RlTSL 

Uilsonville 
(19861. CTSL 

U,lsonvlIle 
( 19871 I CTSL 

HRI. CTSL 
(19811 

H-Coal CTSL Run No. 
Process o ( i 2 7 - 2 0 ) -  

YIELDS. Ut% HAF 

C,-C, 
CI -390°F 
390-65OoF 
650-975OF 
9570~. oii 

11.3 6.6 8.6 
22.3 18.2 19.1 
20.5 32.6 36.0 
8.2 16.P 22.2' 

20.8 12.6 2.7' 

HYDROGEN CONSUMPTION 6.1 6.3 7 . 3  

COAL CONVERSION. UtI MAF 93.1 94.8 96.8 

975OF. CONVERSION, YtI MAF 72.9 82.2 94:' 

C1-975~F. UtI MAF 51 .O 67.2 71.9'.' 

HYDROGEN EFFICIENCY 8.4 10.7 l0.i 

C.+ DISTILLATE PRODUCT QUALITY 

FP, OF 
AP I 

I Hydrogen 
I Nitrogen 
1 Sulfur 

BBLITON 

975 915 150 
20.2 23.5 21.6 
10.63 11.19 :1.13 
0.49 0.33 0.25 
0.2 0.05 0.01 

3.3 4.1 5.0 

'15OOF Distillate end p o i n t .  
'Coal contained 5.81 ash. 

NOTE: All data at catalyst age representative of typical comerical 
reDlacement r a w .  

Table 2 

Conflauratlon 

One-stage, 
noncataiytlc 

One-stage. 
catalytic 

Integrated two-stage, 
thermai-catalytlc 

Integrated close- 
coupled two-stage 
catalytic-catalytic 

Integrated close- 
coupled two-atage 
low-ash coal 

Catalytic-catalytic 

HISTORY OF PROCESS DEVELOPUENT AND PERFORUANCE 
FOR BITUUINWS COAL LIQUEFACTION 

Nonhydrocarbon 

1utI MAF coal) Ibbilt MAF coal) ( a  ravitv OAPI) S 0 N 

( Y t l )  

Distillate Yleld Distillate Quallty 

u1 2.4 12.3 0.33 2.33 1.0 

52 3.3 20.2' 0.20 1.0 0.50 

62 3.8 20.2.. 0.23 1.9 0.25 

70 4.5 26.8.. 0 . 1 1 ~ 1  0.16 

78 5.0 . . +  
78 5.0 21.6 0.01 - 0.25 

*Light Product distribution. with over 30% of product in gasoline boiling ranee; 1.19 than heavy turbine 
rue!. 

"Higher b o i l t n g  point distribution. with 201 of product In gasoline fractlon and over U O I  turbine Fuel range. 

'API ana elemental analysis data unavailable at this tine. 
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FIGURE 1. HRI CATALYTIC WO-STAGE UQUEfACllON 

Figure 2. Process Options with Beneficiation and Coking. 
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